Eighteen elements in the cotyledon, the embryonic axis, and the testa of peanut seeds were determined by inductively coupled plasma mass spectrometry (ICP-MS) after microwave acid digestion, while the gravimetric standard addition with internal standard was applied for the calibration of the elemental concentrations. The detection limit and the procedure blank value for each element were low enough to ensure the precise analysis of the elements, with a relative expanded uncertainty of less than 5%. The concentrations of the elements in peanut seed samples covered 6 orders of magnitude from approximately 0.01 mg kg -1 of Co to approximately 7000 mg kg -1 of K. The correlation coefficient factor was around 0.98 for the elemental concentrations in peanut seeds grown in Japan and those grown in China, indicating a good correlation. Most of the elements distributed in the cotyledon in large amounts because of the cotyledon's relatively high mass fraction. By contrast, Na, Ca, Fe, Co, Ni, Cu, Ga, Sr, Cd, and Ba were apparently enriched in the testa and the relative enrichment factor (REF) values of the elements were over 4. The relative enrichment of Mo, Fe, Zn and other elements was observed in the embryonic axis samples with REF values over 2. The relative enrichment of Cd in the testa of peanut seed indicates that about 15 to 25% of the Cd intake through peanut seeds could be effectively lowered by removal of the testa (roughly 2.5 to 3.5% of the peanut seed).
Introduction
Distribution of elements (mineral nutrients and heavy metals) in plant seeds or grains is one of the major topics in food chemistry. This could be partly attributed to the fact that over 10 nutrient elements, such as Na, Mg, Ca, K, P, Fe, and Mo, are included in the dietary reference intakes set by Japan, the USA, EU, UK, and Canada. [1] [2] [3] [4] [5] One of the other reasons is that As, Cd, Pb, Sn, and methyl Hg are regulated by the General Standard for Contaminants and Toxins in Foods (GSCTF) 6 proposed by the Codex Alimentarius Commission of the Food and Agriculture Organization (FAO) of the United Nations and the World Health Organization (WHO).
In recent decades, imaging of elements in plant seeds or grains has been carried out using X-ray fluorescence (XRF), [7] [8] [9] [10] [11] [12] particle induced X-ray emission (PIXE), [12] [13] [14] [15] [16] [17] [18] and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). 19, 20 The samples in these research studies covered rice, 7, 12 wheat, 19 ,20 soybean 17 and other plant seeds. Localization of nutritional elements and toxic metals was observed in various tissues of plant seeds. These results could be applied to predict the accumulation of nutritional elements and toxic elements in plant seeds, and are helpful for understanding the involvement of these elements in the development of plant seeds.
Peanuts (Arachis hypogaea L.) or groundnuts are widely used as a food material all over the world. This could be partly attributed to the fact that peanuts are good sources of mineral nutrients, such as Mg, P, K, Mn, Cu, and Mo, as well as organic nutrients, such as proteins, lipids, carbohydrates, vitamins, fatty acids, and dietary fibers. 21 However, the distribution of elements in peanut seeds has scarcely been reported to date. The present authors recently reported, in a rapid communication, the relative enrichment of Mo in the radicle of peanut seeds based on the signal intensities obtained by LA-ICP-MS. 22 In the present paper, the quantitative distribution of the elements in the cotyledon, the embryonic axis, and the testa (i.e. the peanut skin or seed coat) of peanut seeds was investigated by ICP-MS with microwave acid digestion. The structure of a half peanut seed is shown in Fig. 1 with a photograph.
Trace elements in plant samples could be determined by ICP-MS. However, in order to achieve precise analytical results by ICP-MS, any interference from the sample matrix should be properly removed. Interference from the matrix could be classified as spectral interferences or non-spectral interference (enhancement or depression of the signal intensities). The spectral interferences could be removed by selecting proper operating conditions (including reaction cell or collision cell) and isotopes for analysis, along with mathematic correction based on the interference/(target signal) ratio. The non-spectral interferences could be removed by matrix matching, isotope dilution, standard addition, and partially by internal standard correction. It is difficult to achieve a fully matched matrix for a natural sample, which limits the application of matrix matching. Application of isotope dilution is limited by the requirement for a relatively expensive enriched isotope for each target element. Internal standard correction works well for some elements but may fail for other elements, 23 which could be attributed to differences in enhance/depression effects between the internal standard and the target element. Standard addition is effective for removing non-spectral interferences. However, standard addition is often accompanied by the laborious task of preparing a series of standard added sample solutions with different levels. Fortunately, the wide dynamic range of ICP-MS allows for the precise analysis using one standard added sample solution along with the non-added sample solution. 24, 25 In the present research, gravimetric standard addition with internal standard was applied for calibration to remove the non-spectral interferences.
Experimental

Instrumentation
An Agilent 7700x ICP-MS (Agilent Technologies, Inc., CA) was applied for the measurement of the elements in peanut seeds. The operating conditions of the ICP-MS for quantitative analysis after microwave acid digestion were generally similar to those previously reported 23 and optimized daily prior to measurement. A microwave digestion instrument (ETHOS 1, Milestone General K.K., Kawasaki, Japan) and TFM ® digestion vessels were utilized for the digestion of peanut seeds. The cleaning of digestion vessels was carried out using an automatic cleaning system (TraceClean system, Milestone General K.K.). Pure water used throughout the present experiment was prepared using a Millipore purification system (Element, Nihon Millipore Kogyo, Tokyo, Japan).
Chemicals and materials
Single-element standards (guaranteed by the Japan Calibration Service System, JCSS) were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Ultrapur ® grade of HNO3, H2O2, and HF for digestion of peanut seeds and making sample solutions were also purchased from Kanto Chemical Co., Inc. The raw peanut seeds (without the husk) grown in Japan (Ibaraki) and China were purchased from the market. The typical contents of water, protein, lipid, carbohydrate, and ash in peanuts were respectively 6.0, 25.4, 47.5, 18.8, and 2.3%. 21 The peanut seeds were randomly drawn for analysis. The average weight of peanut seeds from China and Japan were 3.9 and 5.5 g, respectively. The weight ratio of the cotyledon, the embryonic axis, and the testa in peanut seeds from China and Japan were, respectively 94.4, 3.0, and 2.6%, and 94.5, 3.0, and 2.5%. Peanut seeds were randomly taken for analysis. Polypropylene sample bottles and single-use Eppendorf micropipette tips were cleaned in the same way as previously reported. 26 
Microwave acid digestion procedure for quantitative analysis
Each peanut seed was manually separated into the cotyledon, the embryonic axis (containing the hypocotyl, the radicle, and the plumule), and the testa, and the operation was carried out by a researcher wearing a pair of single-use plastic gloves to avoid contamination. Without any treatment, the cotyledon, the embryonic axis, and the testa were subjected to microwave acid digestion.
Microwave acid digestion was carried out using HNO3, H2O2, and HF with a two-step microwave irradiation process. The operations of microwave acid digestion and the conditions of microwave irradiation were similar to those applied to other food samples reported previously. 25, 26 The volumes of HNO3, H2O2, and HF used in the first step and the second step were 5, 2, and 0 mL and 1.5, 1.5, and 0.5 mL, respectively. The final sample solution after digestion of each sample was 30 mL of 0.3 mol L -1 HNO3. At least two blank tests were carried out in each batch of acid digestion, where equivalent quantities of acids to the samples were added into empty digestion vessels and subjected to all of the operations in the acid digestion. The present quantitative results were obtained based on wet mass fraction.
Calculation for quantitative analysis
The calibration of elemental concentrations in the digested samples was carried out using gravimetric standard addition with internal standards to compensate the matrix effects. The internal standards were chosen from the natural contents of the sample or added to the sample prior to addition of the spiking standard solution. The concentrations of the internal standard elements in the spiking standard solution were negligible, which was confirmed prior to use in the experiment.
Calculation of the elemental concentrations in standard addition ICP-MS was carried out based on Eq. (1) 
The parameters in Eq. (1) are explained using K as a representative. In Eq. (1), cx is the concentration of K in the sample; csx, the concentration of K in the calibration standard; msln and msld, the mass of the digested solution and the mass of the solid peanut sample used for digestion, respectively; mtot and mtak, the mass of the diluted solution and the mass of the digested solution taken for dilution, respectively (mtak = mtot in the case that no dilution was carried out); f, fluctuation factor of the signals during the measurement by ICP-MS, calculated from the variation of signal intensities in a repetitively measured control solution before and after the measurement of each sample; Rb and Ru, the ratio of K signal intensity to the internal standard signal intensity in the spiked sample and that in the non-spiked sample, respectively; mstd and msam, the masses of the calibration standard and the solution diluted from the digested solution, respectively, for making a spiked sample; cblk, procedure blank.
The combined standard uncertainty of cx was calculated based on a spread-sheet approach considering the uncertainties of all the factors on the right side of Eq. (1). In the spread-sheet approach, the variance of cx caused by the uncertainty of each factor was respectively calculated, and the combined uncertainty of cx was calculated as the positive square root of squares sum of the variances caused by all the factors. One standard addition point was made for each sample solution. Preliminary tests were carried out to obtain the rough concentration of each element. In order to get a lower uncertainty of weighing, around 0.5 g of the spiking standard solution was added to each 9.5 g of sample solution. The elemental concentrations in the spiking standard solution were made to produce a standard addition point doubled the concentrations in the non-spiked sample.
Results and Discussion
Usefulness of the quantitative analytical method
Plant samples naturally have high concentrations of alkali metals and alkaline earth elements, with a total concentration of approximately 1 to 2%. Therefore, a calibration strategy for ICP-MS is required to remove or compensate the matrix effects during analysis of plant samples.
A previous research by the present authors confirmed that gravimetric standard addition with internal standard was effective for elemental analysis of various food samples with complex matrix including rice powder, leaf powder, seaweeds, and swordfish tissue. 
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A research study on the analytical methods using ICP-MS and inductively coupled plasma optical emission spectrometry (ICP-OES) showed that analysis of a wheat flour certified reference material (CRM) is equally effective with the analysis of a peanut butter CRM. 28 Furthermore, considering the fact that the measurements were carried out after complete acid digestion of the samples, the gravimetric standard addition method with internal standard validated as above mentioned was regarded to be effective for peanut seed samples.
Quantitative analytical results of the elements in peanut seed samples obtained by ICP-MS after microwave acid digestion
The concentrations of 18 elements in a cotyledon sample are representatively summarized in Table 1 , where the concentration of each element is shown as the average and the expanded uncertainty (U) of measurement with a coverage factor 2 giving a. Mean ± U, k = 2. b. The detection limits were calculated from the instrumental detection limits considering the dilution factors in the microwave acid digestion and the dilution prior to the measurement. c. The internal standard elements were chosen from the natural contents of the sample, except for In which was added for the measurement of K and Mg. a level of confidence of approximately 95%. The relative values of U, detection limits, and the internal standard used for the measurement of each element are also summarized in Table 1 . The detection limit of each element was calculated based on the instrumental detection limit, corresponding to three times the standard deviation of the signal intensities in the blank solution, and the dilution factor of the sample during the acid digestion and the following dilution. The detection limits were low enough to ensure the precise analysis of all the target elements in the present experiment. It can be seen from Table 1 relative U values for most of the elements were less than 2.0% except for B (3.2%) and P (4.3%), which might be partly attributed to the uncertainty of measurement because of their relative higher ionization potential. These results are precise enough for the following discussions on the distribution of the elements in the cotyledon, the embryonic axis, and the testa of peanut seeds. The uncertainty budgets for the measurement of K, Mn, and Sr in Table 1 are representatively indicated in Table 2 . The value of uc is the combined standard uncertainty considering major factors of the measurement. It can be seen that the relative U values for these three elements were close to 1% regardless of the difference in their concentrations, while the major contributions were from csx and Ru, with a value close to or exceeding 30%. It can be seen from Table 2 that the procedure blank values (cblk) were negligible in comparison to the concentrations in the sample, which allowed for the precise analysis in the present experiment. The concentrations of the elements in the cotyledon, the embryonic axis, and the testa of peanut seeds grown in China and Japan are summarized in Table 3 along with the mass in gram of each part in a peanut seed. All the values in Table 3 are shown as the mean (n = 7 seeds) and the standard error of the mean (SEM), which is the experimental standard deviation divided by the positive square root of n. The average concentration of each element in the peanut seed was calculated as the weighted mean of the concentrations in the parts with the mass of each part as the weight. The SEM of the average was calculated as the positive square root of weighted squares sum of the SEM of the concentration in each part. The average concentrations in peanut seeds from China and Japan are plotted in Fig. 2 for comparison. The bar associated with each plotted point in Fig. 2 shows twice the SEM of each concentration. The correlation of x = y is shown with the dashed line in Fig. 2 . It is noted that the correlation coefficient for the data in Fig. 2 is roughtly 0.98, which indicates that the elemental concentrations of peanut seeds grown in China were generally in good correlation to those grown in Japan. Regarding the sample used, the concentrations of Ni, Cd, and Co in peanut seeds grown in China were significantly higher than those in peanut seeds grown in Japan.
Distribution of elements in the cotyledon, the embryonic axis, and the testa of peanut seeds
The distribution factors of the elements in peanut seeds from China and Japan are illustrated in Figs. 3(a) and 3(b) , respectively. The distribution factor was calculated based on the concentration in each part considering its mass, i.e. distribution factor = ∑(ci·mi)/∑mi, where the c, m, and i are the elemental concentration, the mass, and the part (the cotyledon, the embryonic axis, or the testa), respectively. The distribution factor of the mass of each part is also shown in Figs. 3(a) and  3(b) .
As shown in Figs. 3(a) and 3(b) , the distribution factors of the masses of the embryonic axis and the testa in peanut seeds from China and Japan were less than 5%. By contrast, the cotyledon accounted for over 90% of the mass of the peanut seed. As the results show, the distribution factors of the elements in the cotyledon were generally over 60%, except for Na in the peanut seeds grown in China where the maximum distribution factor was observed in the testa. It can also be seen from Figs. 3(a) and 3(b) that the distribution factors of Na, Ca, Fe, Co, Ni, Cu, Ga, Sr, Cd, and Ba in the testa of peanut seeds grown in China and Japan were significantly higher than the distribution factor of the mass of the testa. The distribution factors of Mo in the embryonic axis of the peanut seeds grown in China and Fe, Zn, and Mo in the embryonic axis of the peanut seeds grown in Japan were obviously higher than the distribution factor of the mass of the embryonic axis in the peanut seed. Further investigation of the relative enrichment factors of the elements in the cotyledon, the embryonic axis, and the testa are discussed in the following text.
Relative enrichment factor of the elements in the cotyledon, the embryonic axis, and the testa of peanut seeds
Relative enrichment factor (REF) was calculated in order to illustrate the relative enrichment of the elements in the cotyledon, the embryonic axis, and the testa of peanut seeds. The REF was calculated as the ratio of ci/cavg, where ci and cavg are the elemental concentration in each part and that of the average, respectively, as shown in Table 3 . Therefore, if the REF value is over 1, the element is enriched in the part; if the REF value is under 1, the element is depleted in the part.
The REF values for the peanut seeds grown in China and those grown in Japan are illustrated in Figs. 4(a) and 4(b) , respectively. It can be seen that the REF values were obviously over 4 for Na, Ca, Fe, Co, Ni, Cu, Ga, Sr, Cd, and Ba in the testa of both samples. The relative enrichment of these elements in the testa of peanut seeds might be attributed to the metalbinding ability of tannins which are rich in the testa of peanut seeds. 29, 30 At the same time, the REF values were close to or over 2 for Ca, Mn, Fe, Zn Ga, Sr, Mo, Cd, and Ba in the embryonic axis of the peanut seeds grown in China, and Fe, Zn, Mo in the embryonic axis of the peanut seeds grown in Japan.
It is noted that the REF value for Cd, which is one of the toxins in foods regulated by the FAO and WHO, 6 in the testa of both samples was over 5. A work on the accumulation of Cd in peanut seeds showed that Cd in the testa was enriched by some 4 to 50 times in comparison to that in the whole peanut seed. 31, 32 Based on the results in Table 3 , removal of the testa (around 2.5 to 3.5% w/w) of the peanut seed could result in a decrease of the intake of Cd by approximately 15 to 25% through peanut seeds.
Conclusions
The distribution of 18 elements in the cotyledon, the embryonic axis, and the testa of peanut seeds was obtained by ICP-MS after microwave acid digestion. The concentrations of these elements in peanut seed samples covered 6 orders of magnitude from approximately 0.01 mg kg -1 of Co to approximately 7000 mg kg -1 of K. The concentrations of the elements in peanut seeds grown in Japan were generally in correlation to those grown in China, giving a correlation coefficient factor of about 0.98. The distribution factor of the elements showed that most of the elements distributed in the cotyledon because of the relatively high mass fraction of this part fo the seed. The REF values of the elements showed that Na, Ca, Fe, Co, Ni, Cu, Ga, Sr, Cd, and Ba were significantly enriched in the testa with REF values over 4. The relative enrichment of Fe, Zn, Mo and other elements was observed in the embryonic axis samples with REF values over 2. The relative enrichment of Cd, a FAO regulated toxin in food, in the testa of peanut seeds indicated that a decrease of Cd intake by roughly 15 to 25% through peanut seeds could be achieved by removal of the testa.
